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EVALUATION OF FIVE BEARING-SEPARATOR MATERIALS AND 

POLYPHENYLI ETHER LUBRICANTS FOR USE IN 

SPACE POWER GENERATION SYSTEMS 

by W i l l i a m  R. Loomis 

Lewis Research Center 

SUMMARY 

The s u i t a b i l i t y  of f i v e  bear ing-retainer  materials ( i ron-s i l icon  bronze, 
S-Inconel, S t e l l i t e  Star-J ,  M-2, and M - 5 0 )  f o r  u l t imate  use i n  t h e  mainshaft 
roll ing-element bearings of t he  SNAP-8 space power generation system w a s  de- 
termined i n  a s e r i e s  of f r i c t i o n  and wear experiments. Polyphenyl e the r  l ub r i -  
cant ( type  4P3E) w a s  supplied a t  250' F from a drip-feed, once-through system 
a t  a rate s u f f i c i e n t  t o  maintain boundary lub r i ca t ing  conditions. The specimen 
configuration consisted of a hemispherical r i d e r  (3/16-in. rad. , represent ing 
t h e  r e t a i n e r )  s l i d i n g  a t  3600 f ee t  per  minute aga ins t  t h e  f l a t  surface of a ro- 
t a t i n g  d i sk  (Z$-in. -diam. M-50 high-speed t o o l  s tee l ,  represent ing t h e  raceway 

and t h e  r o l l i n g  element) -3OOO F. 

Minimum f r i c t i o n  coe f f i c i en t s  and t h e  lowest t o t a l  d i sk  and r i d e r  wear 
were obtained with t h e  i ron-s i l icon  bronze specimen, but t h e  other four  r e t a i n e r  
mater ia l s  had acceptable f r i c t i o n  proper t ies  and r i d e r  w e a r  volumes i n  t h e  s a m e  
order of magnitude as t h e  bronze. There w a s  a buildup of black, amorphous 
s ludge-l ike ma te r i a l  along t h e  edges of t h e  d isk  w e a r  t r a c k  and i n  t h e  used 
lubr icant .  This ma te r i a l  w a s  analyzed t o  be approximately ha l f  carbonaceous 
m a t t e r  and ha l f  i ron  (assumed t o  be i ron  oxide),  which indicated some loca l ized  
lubr icant  breakdown and some wear debris .  The bulk e f f e c t  ,of these  tes ts  on 
t h e  lubr icant  was not s ign i f i can t  as measured by neu t r a l i za t ion  number and 
kinematic v i s c o s i t y  changes. 

Accelerated thermal s t a b i l i t y  and l i q u i d  compatibi l i ty  s tud ies  f o r  four-  
and f ive- r ing  polyphenyl e the r  l i qu ids  (4P3E and 5P4E) i n  contact with mercury 
w e r e  conducted i n  a simple device ( r eac t ion  bomb). The conditions simulated 
those expected i n  t h e  SNAP-8 operat ing environment, except f o r  exposure t o  r a d i -  
a t ion .  Extrapolat ion of these  r e s u l t s  ind ica ted  t h a t  no s t a b i l i t y  or l i q u i d  
compatibi l i ty  problems should be encountered after 10 000 hours a t  a l i q u i d  t e m -  
perature  of 300' F. 
gross lubr icant  breakdown occurred. 

Inf ra red  s p e c t r a l  analyses were used t o  v e r i f y  t h a t  no 



INTRODUCTION 

Successful operation of space power generation systems such as SNAP-8 will 
depend largely on the reliability of the main-shaft rolling-element bearings 
and their lubrication system for a 10 000-hour unattended service life in a 
space environment. 
tem; however, the lubricant, bearings, and gears will be exposed to varying low- 
pressure levels down to the vapor pressure of the lubricant (ref. 1). Contact 
of the lubricant with mercury from the heat-rejection loop can also be antici- 
pated. The use of one of the better radiation-resistant, high-temperature 
fluids such as a mixed-linked four-ring polyphenyl ether has been considered 
(ref. 2). Fully hardened M-50 tool steel shows promise as the bearing race- 
way and rolling-element material. ?'he selection of a suitable bearing-separator 
material remains the prime requisite of such systems. 

The lubrication system will be a closed, recirculating sys- 

Problems are anticipated because of the friction and wear characteristics 
of various combinations of metals in sliding contact with polyphenyl ether under 
boundary lubricating conditions expected in space power generation systems. 
Work done by several investigators (refs. 3 and 4) shows evidence of poor lubri- 
cation, high friction, and incipient seizure during the testing of mixed-linked 
five-ring polyphenyl ethers under high loads in a four-ball wear tester (with 
52100 steel balls at 167' F). The test fluids darkened and were found to con- 
tain large quantities of metal particles and nonmetallic sludge-like material. 
The stress levels in these tests (300 000 to 600 000 psi), however, are con- 
sidered much more severe than those expected for rolling contacts in the SNAP-8 
application (150 000 psi). 

The relatively poor lubricating ability of polyphenyl ether may be partly 
explained by its lack of reactivity with the metal surface and the atmosphere. 
More information is needed, however, on the performance of this lubricant with 
various bearing metals. Earlier investigations (ref. 5) suggested the possible 
detrimental catalytic action of copper and copper-containing alloys that pro- 
duced harmful sludges in the lubrication system. Later studies, however, at the 
Naval Research Laboratory (ref. 6) suggest that bearing-retainer materials 
should include such pro-oxidant matwials as iron-silicon bronze. 

The degradation of polyphenyl ethers and the resulting effect of such de- 
composition products are of vital concern in this application. Too much impor- 
tance should not be placed on lubricant darkening in the study reported herein 
because fluid darkening alone cannot be used as a criterion of degradation. 

The general objective of this investigation was the compaative evaluation 
of five materials under conditions generally simulating the operation of space 
power generation system bearings to determine which was the most suitable 
bearing-separator material. More specifically, the work performed at the Lewis 
Research Center included the following: 

(1) The friction and wear characteristics were determined for various 
candidate bearing-separator materials in the form of hemi spherically shaped 
riders sliding on flat disk specimens of M-50 tool steel. An attempt was made 
to simulate a disk temperature of 300° F under boundary lubricating conditions 
with deaerated polyphenyl ether lubricant (type 4P3E) at an inlet temperature 
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of 250° F and an ambient pressure of about 40 m i l l i m e t e r s  of mercury i n  a dr ip-  
feed,  once-through system. 

( 2 )  The e f f e c t s  of t e s t  specimen ma te r i a l  combinations on appearance and 
o ther  cha rac t e r i s t i c s  of t h e  lubr icant  w e r e  invest igated.  

(3) Thermal s t a b i l i t y  and compatibi l i ty  of t h e  lubr icant  when exposed t o  
l i q u i d  mercury were determined. 

APPARATUS AND PROCEDURE 

F r i c t i o n  and Wear Apparatus 

The f r i c t i o n  and w e a r  apparatus used i n  t h i s  s tudy i s  shown i n  figure 1. 
Basical ly ,  t h e  apparatus cons is t s  of a ro ta t ing-d isk  specimen of hardened 

(Rockwell C - 6 3 )  M - 5 0  t o o l  s t e e l  (ZT-in. diam.) placed i n  s l i d i n g  contact with a 
s t a t iona ry  hemispherically t ipped  r i d e r  (3/16-in.-rad. hemisphere) under a 
normal load of 1000 g r a m s .  
(1) copper a l l o y  ( i ron - s i l i con  bronze), ( 2 )  n icke l  a l l o y  (S-Inconel),  (3) cobal t  
a l l o y  ( S t e l l i t e  S t a r - J ) ,  ( 4 )  high-speed t o o l  s t e e l  ( M - 2 ) ,  and (5)  high-speed 
t o o l  s t e e l  ( M - 5 0 ) .  

1 

The f i v e  r i d e r  mater ia l s  under inves t iga t ion  were 

The r i d e r  specimen t r ave r ses  a 1.81-inch-diameter wear t r a c k  on t h e  d isk  
with unid i rec t iona l  s l i d i n g  a t  a cont ro l led  ve loc i ty  of 3600 f e e t  per minute. 
The r i d e r  i s  loaded by dead weights appl ied t o  t h e  d isk  surface through a re- 
t a i n i n g  arm t h a t  i s  gimbal-mounted and sealed with a f l e x i b l e  bellows. F r i c t ion  
torque i s  measured with a s t r a i n  gage and continuously recorded. 

The d i sk  specimen i s  r o t a t e d  a t  7590 revolut ions per minute by a var iable-  
A magnetic pickup i s  speed dr ive  un i t  through a gear box and spindle  assembly. 

used t o  monitor r o t a t i v e  speeds. The t e s t  disks are heated with an induction 
heater  around the  circumferent ia l  surface of t h e  disk.  An attempt w a s  made t o  
s t a b i l i z e  t h e  disk temperature a t  300° F. 
Chromel-Alumel thermocouple located 1/16 inch away from t h e  disk wear t r a c k  i n  
t h e  disk quadrant about 270' downstream from t h e  lubr icant  i n l e t  nozzle ( see  
F r i c t i o n  Specimen Configuration i n  f i g .  l ( b ) ) .  The thermocouple i s  ca l ib ra t ed  
t o  permit approximate measurements of t h e  surface temperature of t h e  r o t a t i n g  
disk.  

Temperature i s  measured with a 

The lubr icant  used throughout t h i s  s tudy w a s  an unsubst i tuted mixed-linked 
It w a s  i n j ec t ed  i n t o  t h e  Inconel t e s t  four - r ing  polyphenyl e ther  (Dow ET-378). 

chamber a t  a temperature of 250° F by a mechanically dr iven g lass  syringe a t  a 
rate of 0.415 cubic centimeter per minute. The temperature of t h e  lubr icant  w a s  
measured j u s t  before t h e  lubr icant  entered t h e  r i g .  The lubr icant  w a s  d i rec ted  
a t  t h e  d isk  w e a r  t r a c k  by means of a 1/8-inch s t a i n l e s s - s t e e l  tube with a re -  
s t r i c t e d  t i p .  Lubricant temperature i s  maintained 
hea ter  outs ide t h e  t e s t  chamber located between t h e  
z l e  . 

A n  ambient absolute  pressure of 40 m i l l i m e t e r s  

with a resis tance- type 
syringe and t h e  i n l e t  noz- 

of mercury w a s  maintained i n  
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(a) Overall view showing lubr icant in ject ion system. 

configuration \ 

Vent and vacuum 

CD-7922 

(b) Details of test apparatus. 

Figure 1. - Friction and wear test apparatus. 
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t h e  t e s t  chamber with a 15-cubic-foot-per-minute capaci ty  mechanical vacuum 
pump during t h e  runs (a l l  of 1-hr dura t ion) .  
c i ab le  leakage of air  through t h e  chamber.) 
drained from t h e  bottom of t h e  t e s t  chamber a f t e r  each run. 

(Therefore, t he re  was an appre- 
The used and excess lubr icant  was 

A l l  d isk and r i d e r  specimens were finish-ground t o  a surface f i n i s h  of 4 
t o  8 microinches and were cleaned before each t e s t  i n  t h e  following manner: 

(1) Rinsed with acetone 

( 2 )  Scrubbed with moist levigated alumina and a s o f t  pol ishing c lo th  

(3) Thoroughly r i n s e d  with t a p  w a t e r  

( 4 )  Rinsed b r i e f l y  with d i s t i l l e d  water 

(5) Rinsed w i t h  e t h y l  a lcohol  

Accelerated Thermal S t a b i l i t y  and Compatibility Study Apparatus 

The high-temperature, low-pressure l i qu id  compatibi l i ty  and thermal s t a b i l -  
i t y  study w a s  made with t h e  reac t ion  bomb shown i n  f igu re  2 .  Separate t e s t s  
were made with 15 m i l l i l i t e r s  of two deaerated polyphenyl e ther  f l u i d s ’ i n  con- 
t a c t  ( i n t e r f ace  a rea  of 0.37 sq  i n . )  with equal volumes of l i q u i d  mercury f o r  

Figure 2. - High-temperature stability bomb. 
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TABLE I. - PHYSICAL AND MECHANICAL PROPERTIES OF BEARING-RETAINER MATERIALS TO BE USED IN SPACE POWER GENERATION SYSTEMS 

Yield Compres- Rockwell hardness 
stren th sive I (converted to 
at 70' F), 1 strength, Rockwell A 

Material 
(and de- 

signation) ~ source 

Density, 
lb/cu in. 

Condition Wominal chemical ' composition, 
percent 

I 
Iron-silicon Reference 8 1 Wrought Silicon, 2.5 to 4; 22x103 to 15x103 to aB-62 I - - - - - - - -  0.301 
bronze (ASTM ~ iron, 1 to 2; zinc, 30x103 22x103 (A-40) 
B98, type A) 1.5 to 4; manganese, (at 70° F) 

1; coD-Der, balance 

Mean coeffi- 
cient of 

thermal ex- 
pansion (at 

in./in./'F 
300' F), 

S-Inconel (In- Reference 9 As cast Nickel, 69.5; cop- 80x103 to ---------- b300 to _--_--__ 0.292 7.1x10-6 
conel 705) per, 0.5; silicon, 100~103 380 Bhn 

5.5; iron, 8; man- (A-64) 
ganese, 0.9; chro- 
mium, 15.5; carbon, 
0.3 

Stellite Reference 10 Chill cast Nickel, 2.5; sili- 7 5 ~ 1 0 ~  3 3 5 ~ 1 0 ~  aC-61 aC-58 0.316 6 . 7 ~ 1 0 - ~  
Star-J con, 1; :ran, 3; man- (at 70' F) (A-81) 

ganese, 1; chromium, 
32; tungsten, 17; 
carbon, 2.5; other, 
2: cobalt. balance 

M-50 high- 
speed tool 
steel (AISI 
4-4-1) 

M-2 high- 
speed tool 
steel (AISI 
6-5-2) 

Reference 11 Heat treated at 
2050' F for 
20 minutes, oil 
quenched, and 
double tempered 
at 1000° F for 
2 hours 

References 8 Heat treated at 
and 11 2250° F for 

10 minutes, oil 
quenched, and 
double tempered 
at 1050° F for 
2 hours 

Nickel, 0.1; silicon, 3 3 8 ~ 1 0 ~  
0.4; manganese, 0.3; 
chromium, 4; carbon, 
0.8; vanadium, 1.05; 
molybdenum, 4.2; 
iron, balance 

Nickel, 0.1; silicon, 4 4 5 ~ 1 0 ~  
0.3; manganese, 0.3; 
chromium, 3.8, tung- 
sten, 6.4; carbon, 
0.8; vanadium; 1.8; 
molybdenum, 4.9; 
iron, balance 

3 5 8 ~ 1 0 ~  aC-62 to aC-61 to 0.291 5.99x10-6 
(at 400' F) C-64 C-63 

(A-82) 

3 9 2 ~ 1 0 ~  aC-66 aC-64 0.295 6.52~10-~ 
(at 400' F) (A-85) 

aExperimental data., 
bAt 3000 kg test load in hardness test. 
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Figure 3. - Coefficient of f r ic t ion and rider and disk wear for 
five bearing-retainer materials s l id ing on M-50 disks at 
-300' F. Lubricant, polyphenyl ether; lubr icant flow rate 
at 250°F, 0.415 cubic centimeter per minute; s l id ing ve- 
locity, 3600 feet per minute; load, 1000 grams; duration, 
1 hour;  ambient pressure, -40 mill imeters of mercury. 

extended periods a t  elevated temper- 
a tu re s .  After t h e  bomb w a s  f i l l e d ,  
it was evacuated t o  an absolute 
pressure of 3 inches of mercury and 
sealed of f .  The contents were 
heated t o  the  desired t e s t  temper- 
a t u r e  and maintained the re  by means 
of e l e c t r i c a l  resistance-type 
hea ters  wrapped around t he  bomb. 

A mixed-linked four-r ing poly- 
phenyl e the r  (4P3E, ET-378) was used 
i n  one s t a b i l i t y  run a t  a temper- 
a tu re  of 365' F f o r  a continuous 
t e s t  l a s t i n g  818 hours. The other 
reported run was w i t h  a mixed-linked 
f ive- r ing  polyphenyl e ther  (5P4E, 
Monsanto OS-124) a t  650' F for 
260 hours. 

After t he  completion of each 
run, t h e  contents of t he  bomb were 
removed and the  mercury and t h e  
lubr icant  were separated physical ly  
(by decanting and centr i fuging) .  
I n f r a r e d  spectroscopy data were ob- 
ta ined  f o r  t he  lubricant  por t ion  
of t h e  t e s t  l i qu id  by means of an 
inf ra red  spectrophotometer w i t h  a 
2- t o  16-micron wavelength range. 
The lubr icant  w a s  d i l u t e d  w i t h  car-  
bon t e t r a c h l o r i d e  before it w a s  
placed i n  t h e  instrument t e s t  c e l l .  
The reference c e l l  contained carbon 
te t rachlor ide .  

Bearing Mater ia ls  

The s e l e c t i o n  of t h e  various bear ing-retainer  mater ia l s  w a s  based on an t ic -  
ipated requirements f o r  t h e i r  use i n  t h e  SNAP-8 space power generation system. 
These mater ia l s  have mechanical proper t ies  t ha t  a r e  equal t o  or b e t t e r  than 
those of mater ia l s  c u r r e n t l y  used i n  rol l ing-contact  bearings, A n  exact,  de- 
pendable ca lcu la t ion  of t h e  s t rength  requirement f o r  r e t a i n e r s  i s  impossible 
because a l l  t he  var iab les  cannot be evaluated (ref .  7). 

The physical  and mechanical proper t ies  of t h e  mater ia l s  used i n  the  f r i c -  
t i o n  and wear experiments reported here in  a r e  l i s t e d  i n  t a b l e  I. The proper t ies  
considered most important f o r  t h i s  appl ica t ion  ( r e f .  1 2 )  a r e  (1) dimensional 
s t a b i l i t y ,  ( 2 )  oxidat ion and corrosion r e s i s t ance ,  (3)  f r i c t i o n  and wear charac- 
t e r i s t i c s  i n  boundary l u b r i c a t i n g  conditions,  (4) hardness, and (5) s t rengths  
(compression, shear,  and t e n s i l e ) .  
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Wear scars 

c-73579 

(a) Non lubricated iron-sil icon bronze rider; 
run duration, 15 seconds. 

(b) Lubricated iron-sil icon bronze rider; 
run duration, 1 hour. 

Wear tracks 

Surface profiles across 

(c) Lubricated S-lnconel rider; 
run duration, 1 hour. 

Figure 4; - Wear scars of various riders sliding on  M-50 disks at -300" F. Lubricant, polyphenyl ether; lubr icant flow rate at 250" F, 
mercury. (x and y are reference points.) 

Iron-silicon bronze was studied because it is one of the most widely 
used machined retainer material for rolling-element bearings (ref. 13). It 
should perform well in an oxygen-deficient atmosphere because the silicon acts 
as an oxygen getter to form desirable surface films. S-Inconel was chosen 
because of the previous success of nickel-base alloys as bearing-retainer mate- 
rials (ref. 13). 
cause it has strength and film-forming ability. The tool steels (M-2 and M-50) 
were picked because of their good dimensional stability and hardness. 

Stellite Star-;', a cast cobalt-base alloy, was selected be- 

RESULTS AND DISCUSSION 

Friction and Wear Results 

The experimental data in figure 3 indicate the typical coefficient of 
friction and specimen wear results for the five retainer materials. Allmate- 
rials had relatively low rider wear volumes in the same order of magnitude 
(0.001x10-3 to 0.006~10-~ cu in.). Coefficients of friction were also all 
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on riders 

on disks 

f-. 
I 

0.001'' 

C-73580 

(d) Lubricated Stellite Star-J rider; 
run duration, 1 hour.  

(e) Lubricated M-50 tool-steel r ider; 
r u n  duration, 1 hour.  

(0  Lubricated M-2 tool-steel rider; 
r u n  duration, 1 hour.  

0.415 cubic centimeters per minute; sliding velocity, 3600 feet per minute; load, 1000 grams; ambient pressure, -40 mill imeters of 

r e l a t i v e l y  low. The value f o r  i ron-s i l icon  bronze was 0.07, which w a s  l e s s  than 
one-half t he  values f o r  t h e  o ther  mater ia ls  (0.15 t o  0.18). 
(d i sk  and r i d e r )  w a s  obtained with i ron-s i l icon  bronze. 
ure 3, t h e  d isk  wear f o r  t h i s  mater ia l  w a s  not de tec tab le  with a profilometer,  
even a t  a v e r t i c a l  magnification of 10 000. 

Minimum t o t a l  wear 
As indicated i n  f i g -  

Photomicrographs and surface p r o f i l e s  of t h e  specimens a r e  shown i n  f i g -  
ure 4. The lubr ica ted  specimens showed evidence of abrasion and p l a s t i c  flow. 
The condition of t h e  r i d e r s  and disks  indicated inc ip ien t  surface f a i l u r e  from 
l o c a l  surface welding (adhesion).  
vious boundary lubr ica t ion  s tudies  ( r e f .  1 4 ) .  Several  e a r l i e r  runs w i t h  i ron-  
s i l i c o n  bronze a l s o  showed t h i s  inc ip ien t  f a i l u r e .  A l s o ,  higher f r i c t i o n  coef- 
f i c i e n t s  ( i n  t h e  range of 0.13 t o  0.18) were observed, but  specimen wear was 
lower for th i s  r i d e r  mater ia l  than f o r  t h e  others .  A s l i g h t  change i n  surface 
speed or s t r e s s  could have accounted f o r  t he  wide v a r i a t i o n  i n  f r i c t i o n  r e s u l t s  
f o r  t h e  i ron-s i l icon  bronze runs under borderl ine boundary lubr ica t ion  condi- 
t i ons .  The data reported i n  f igu re  3 a r e  f o r  s t ab le  boundary lubr ica t ion .  It 
should be espec ia l ly  noted, however, that  even when inc ip ien t  failure and i t s  

Such conditions have been observed i n  pre- 
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accompanying higher f r i c t i o n  l eve l s  were experienced, t h e  wear r a t e s  f o r  t he  
i ron-s i l icon  bronze were lower than  those f o r  t h e  other  candidate mater ia ls .  

When t h e  f a c t  t h a t  i ron-s i l icon  bronze performed bes t  i n  these  f r i c t i o n  
and wear experiments i s  considered, t h e  i n i t i a l  Hertz surface s t r e s ses  may be 
important. 
s i l i c o n  bronze s l i d i n g  on M-50 tool s t e e l  was 113 500 pounds per square inch and 
fo r  M-50 s l i d i n g  on M-50 was 149 000 pounds per square inch. The other m a t e r i a l  
combinations with higher values of e l a s t i c  modulus had near ly  t h e  same s t r e s s  
l e v e l  as M - 5 0  s l i d i n g  on M-50. 
small loads there  is  some p l a s t i c  deformation of mater ia ls  produced i n  such 
t e s t s ,  whereas the  Hertz formula assumes the  mater ia ls  a r e  s t i l l  i n  the  e l a s t i c  
region. 
a x i a l  and highly local ized,  t h e i r  calculated values may of ten exceed the pro- 
por t iona l  l i m i t  and even the  y i e l d  point  of the  mater ia l  without causing 
damage. 

Calculations indicated t h a t  t h e  i n i t i a l  Hertz s t r e s s  f o r  t h e  i ron-  

It has been found ( r e f .  15) t h a t  even f o r  very 

I n  general ,  because the  s t r e s s e s  under consideration are a t  once tri- 

The surface p r o f i l e s  i n  f i g u r e  4 show a buildup of mater ia l  on the  edges Of 

t he  disk wear t rack .  Disks from two s l i d i n g  t e s t s  where inc ip ien t  f a i l u r e  
occurred a r e  shown i n  f igure  5 t o  ind ica te  the  formation of deposits along the  
wear t r acks .  This s o f t ,  black mater ia l  w a s  found t o  be an admixture of 
amorphous carbon, metal oxides, and loose wear debris  t h a t  could be e a s i l y  re -  
moved from the  surface by rubbing. This mater ia l ,  which i s  a l s o  found i n  the  
used lubr icant ,  w i l l  be discussed i n  the  next sec t ion .  

The importance of maintaining an adequate lubr ica t ing  o i l  f i l m  w a s  i l l u s -  
t r a t e d  during a t e s t  with i ron-s i l icon  bronze when a f a i l u r e  occurred i n  the  
lubr ica t ion  system at the  start of one of t he  t e s t s  and the  specimens were run- 
ning almost dry. Figure 4 ( a )  shows the  condition of t h e  specimens a f t e r  a run- 
ning time of only 15 seconds. Surface f a i l u r e  by welding w a s  extensive, r i d e r  
wear w a s  high, and t e a r i n g  out and metal transfer from the  r i d e r  t o  t h e  d isk  
surface w a s  appreciable. Similar  l o s s  of l u b r i c a t i o n  i n  a bearing probably 
would have resu l ted  i n  catastrophic  f a i lu re .  

Introduction of t h e  lubricant  i n t o  a reduced-pressure atmosphere did not 
adversely a f f e c t  t he  functioning of t he  drip-feed method of lubr ica t ion .  

Ef fec ts  on Propert ies  of Lubricant 

I n  addi t ion t o  the  f r i c t i o n  and wear r e s u l t s ,  t he  accompanying e f f e c t s  on 
t h e  polyphenyl e ther  lubr icant  during t h e  s l i d i n g  t e s t s  a r e  a l so  of major con- 
cern. Analysis of t h e  o i l  before and a f t e r  one of t h e  most severe t e s t s  (M-50 
r i d e r  s l i d i n g  on M - 5 0  d i sk)  showed (I) l i t t l e  e f f e c t  on t h e  neut ra l iza t ion  

I 
number, ( 2 )  a s l i g h t  increase (75 percent)  i n  kinematic v i s c o s i t y  a t  100' F, and 

(3) a negl igible  increase ( 3  Percent) i n  kinematic v i s c o s i t y  a t  210' F. Results 
of these  analyses a r e  given i n  t a b l e  11. 

The appearance of t he  lubr icants  a f t e r  a t y p i c a l  s l i d i n g  t e s t  with each 
r ider -d isk  combination i s  shown i n  f igu re  6(a)  as compared t o  t h e  lubr icant  
before use ( f i g .  6 ( b ) ) .  Figure 6 shws varying amounts of black, sludge-like 
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la) Disk run with I ron-si l icon bronze r ider. (b) Disk run with M-50 rider. 

Figure 5. - Surface deposits obtained with various r iders slidinq on M-50 disks at-300" F. Lubricant, poiyphenyl ether; sliding velocity, 3600 feet per 
minute; load, 1000 grams; duration, 1 hour;  ambient pressure, 110 mill imeters of mercury. 

TABLE 11. - EFFECT O F  SLIDING FRICTION AND WEAR RUN ON PHYSICAL AND CHEMlCAL 

PROPERTIES OF POLYPHENYL ETHER LUBRICANT 

Lubricant 
(and des- 
i gna t ion )  

Jnsubsti tu- 
ted  mixed- 
l inked four- 
r ing  poly- 
phenyl ethei 
(ET-378, lo1 
no. 12-2P) 

Lubricant 
2ondition 

Yew o i l ,  
zs re- 
ceived 

3 i l  after 
s l i d i n g  
f r i c t i o n  
and wear 
run a t  
300' F 
for 1 
hour w i t t  
%-50 disk 
and M - 5 0  
r i d e r  

e u t r a l i z a -  
ion number, 

mg of 
potassium 
ydroxide/g 
~ 

slue 

0.27 

0.17 

- 
hange 
ur ing 
run 

---- 

0.10 

a D a t a  from r e f .  16 .  
bExtrapolated from d a t a  of ref .  16. 
'Experimental data. 
dExtrapolated experimental. data.. 

Kinematic v i scos i ty ,  
cen t i s tokes ,  at  
temperature of - 

2.5' F 

---- 

' 2 3 3  

,7O F 

1 7 7  .! 

ooo F 

'72.5 

178. o 

100 F 

b6. 5 

d6. 7 

Change i n  
v i s c o s i t y  

during run ,  
en t i s tokes ,  
a t  temper- 
a t u r e  of - 

5.5 

- 
10' F 

.ubri can t  
ippearance 

( s e e  
f ig .  6 )  

Zlear, 
mber  

h r b i d ,  
s l i g h t l y  
larkened 
Xmber 
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Iron-sil icon bronze S-lnconel Stellite Star-J M-50 

(a) Lubricants after rider-material runs. 

C-67837 M-2 

(b) Lubricant (c) Filtered lubricant 
before run. after iron-sil icon 

bronze run. 

Figure 6. - Lubricant appearance before and after f r ic t ion and wear experiments wi th five bearing-retainer materials sliding on M-50 disks at-300°F. 
Lubricant, polyphenyl ether: lubr icant flow rate at 250" F, 0.415 cubic centimeters per minute; sliding velocity, 3600 feet per minute; load, 1000 
grams; duration, 1 hour;  ambient pressure, -40 mill imeters of mercury. 

s l i d i n g  on t h e  M - 5 0  d isk.  The sludge w a s  removed from the  o i l  by centr i fuging 
and drying. An ana lys i s  w a s  made of t h e  magnetic, very f i n e  amorphous matter .  
About ha l f  of t h e  ma te r i a l  w a s  a carbonaceous residue.  
organic decomposition product r e s u l t i n g  from t h e  lubr icant  breaking down by 
h ighly  loca l ized  f r i c t i o n a l  heat ing a t  t h e  s l i d i n g  contact points .  The remain- 
der  of t h e  ma te r i a l  w a s  i ron ,  assumed t o  be i ron  oxide, which represents  t h e  
d i sk  and r i d e r  wear debr i s .  

This i s  p robab ly the  

Resul ts  of Accelerated Thermal S t a b i l i t y  Tests  on Four- 

and Five-Ring Polyphenyl Ethers 

When t h e  SNAP-8 program w a s  reor ien ted  t o  include lub r i ca t ion  by organic 
f l u i d s  ( s p e c i f i c a l l y  t h e  polyphenyl e t h e r s ) ,  t he re  ex is ted  a p o s s i b i l i t y  of 
lubr icant  degradation by thermal decomposition and/or c a t a l y t i c  ac t ion  of m e r -  
cury. The formation of s o l i d  decomposition products i n  a common leakage cham- 
ber  could have a ca tas t rophic  influence on seal performance. 

Results of acce lera ted  thermal s t a b i l i t y  and mercury compatibi l i ty  t es t s  
f o r  both four-  and f ive - r ing  polyphenyl e the r s  are given i n  t a b l e  111. These 
r e s u l t s  show no apparent r e a c t i v i t y  between t h e  f l u i d s  and no appreciable the r -  
m a l  breakdown of t h e  o i l s .  
g l a s s  beaker with equal volumes of mercury and 5P4E polyphenyl e ther  showed no 
adverse e f f e c t s  when held a t  170' C (338' F) f o r  s eve ra l  hours. 
were immiscible; t he re  w e r e  no apparent products of reac t ion ;  and t h e  only 
noticeable e f f e c t  w a s  a s l i g h t  darkening of t h e  o i l .  

Ear l ier  cursory compatibi l i ty  s tud ie s  i n  an open 

The f l u i d s  
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TABLE 111. - EFFECT O F  T H E W  BOMB STABILITY TESTS ON PHYSICAL AND CREMICAL PROPERTIES OF 

TWO POLYPHENYL ETRER LUBRICANTS (4P3E AND 5P4E) 

0.35 

---- 

5.4 

Lubr icant  

Turbid,  dark 
amber b u t  nc 
apprec iab le  
s o l i d  de- 
p o s i t s  

Clear, 
c o l o r l e s s  

Turbid,  darP 
brown b u t  nc 
apprec iab le  
s o l i d  de- 
p o s i t s  

Unsubst i tuted 
mixed-linked. 
f our-r ing 
polyphenyl 
e t h e r  (ET-378, 
l o t  no. 
458-29-13) 

Unsubst i tuted 
mixed-linked 
five-ring 
polyphenyl 
e t h e r  
(OS-124) 

Lubr icant  
condi t ion  

New o i l  as 
rece ived  

O i l  after 
bomb sta- 
b i l i t y  run 
wi th  m e r -  
cury f o r  
818 hours  
at  365O F 

New o i l  as 
rece ived  

O i l  a f ter  
bomb sta- 
b i l i t y  run 
with  mer- 
cury f o r  
260 hours 
a t  650' F 

Equiv- 
d e n t  
t i m e  
at 

500' F, 
h r  

0 

10 ooc 

0 

.lo ooc 

Neutra l iza-  
t i o n  number, 

mg of 
potassium 

hydroxide/g 

Value 

ag. 0 

bo. 02 

bo. 02 

31 

lhange 
u r i n g  
run  

---- 

0.02 

---- 

0.29 

Kinematic v i s c o s i t y ,  
c e n t i s t o k e s ,  a t  
temperature  of - 

.OOo F 

170.0 

'76.0 

'390 

c800 

10' F 

.6.25 

c6. 6 

13.8 

~~ 

:19.2 

Change i n  
v i s c o s i t y  

dur ing  run,  
! e n t  i s tokes ,  
a t  temper- 
a t u r e  of - 

.ooo F 

6.0 

410 

110' F 1 

Lubr icant  
appearance 

I 

aManufacturer 1 s data .  
bExperimental data .  

CExtrapolated experimental  data .  

The high-temperature, low-pressure bomb compatibi l i ty  s tud ies  were an a t -  
tempt t o  simulate conditions even more severe than  those expected f o r  SNAP-8 
operat ion (a 300° F o i l  temperature and a pressure equal t o  t h e  vapor pressure 
of t h e  o i l  a t  t h a t  temperature, with venting t o  a space environment f o r  
10 000 hr). 
every 1 8 O  F temperature r i s e ,  t h e  818-hour 365' F t e s t  with t h e  4P3E o i l  shown 
i n  t a b l e  I11 would be equivalent t o  operating f o r  10 000 hours a t  300' F. The 
260-hour 650' F t e s t  with t h e  5P4E o i l  w a s  even more severe than t h e  t e s t  with 
t h e  4P3E o i l .  
o i l  with a negl ig ib le  neu t r a l i za t ion  number increase (0 .02  mg of potassium 
hy&oxide/g) and a kinematic v i s c o s i t y  increase of only 5.6 percent a t  210' F. 
The 5P4E o i l  t e s t  showed reasonably s m a l l  property changes, a neu t r a l i za t ion  
number increase of 0.29 m i l l i g r a m s  of potassium hydroxide per g r a m  and a viscos-  
i t y  increase at  210O F of 39 percent. 

Based on t h e  genera l iza t ion  t h a t  t h e  r eac t ion  r a t e  doubles for 

A s l i g h t  change i n  lubr icant  proper t ies  w a s  noted f o r  t h e  4P3E 

Further evidence of t h e  high thermal s t a b i l i t y  exhibi ted by t h e  four-  and 
f ive - r ing  polyphenyl e the r s  i n  t h e  bomb reac t ion  t e s t s  i s  shown i n  t h e  in f r a red  
spectrophotometer ana lys i s  r e s u l t s  of f i gu re  7. Here in f r a red  spec t ra  were 
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(a) Four-r ing polyphenyl ether (ET-378). 
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I Five-ring polyphenyl ether (OS-124). 

Figure 7. - Infrared spectrophotometer analyses of two mixed-linked polyphenyl ether liquids before and after bomb stability r u n s  at 
elevated temperatures i n  contact with mercury. 

made of d i lu t ed  t e s t  lubr icant  samples before and after t h e  bomb s t a b i l i t y  
runs.  The qua l i t a t ive  comparisons i n  t h e  2- t o  16-micron-wavelength range 
showed the  same general  pa t te rns  fo r  t h e  new and used o i l s  with no new peaks 
appearing. While these  r e s u l t s  ind ica te  no major changes i n  t h e  s t ruc tu re  of 
t h e  molecules, da ta  a t  higher wavelengths might have shown d i f f e ren t  r e s u l t s .  
For example, t h e  observed increase i n  v i scos i ty  may have r e su l t ed  from polymer- 
i zation. 

SUMMARY OF RESULTS 

From the  experimental f r i c t i o n  and wear inves t iga t ion  with polyphenyl 
e the r  f l u i d  (mixed-linked four-r ing Dow ET-378) ac t ing  as a boundary lub r i can t  
for f i v e  bearing-separator mater ia ls  s l i d i n g  on M-50 high-speed t o o l  s t ee l  
under simulated space power generation system conditions,  t h e  following results 
were obtained: 

1. The most s a t i s f a c t o r y  ma te r i a l  of those s tudied f o r  use as bearing re- 
t a i n e r s  lubr ica ted  with polyphenyl e the r  w a s  an i ron-s i l icon  bronze a l loy .  The 
other  r e t a i n e r  mater ia l s  (S-Inconel, S t e l l i t e  Star-J ,  M-2 and M-50 t o o l  s t e e l )  
always showed inc ip ien t  surface f a i l u r e  and had l e s s  des i rab le  f r i c t i o n  charac- 
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t e r i s t i c s  and t o t a l  w e a r  volumes greater than  t h a t  of t h e  i ron-s i l icon  bronze. 

2. There was no gross  breakdown of t h e  lubr icant  during these  1-hour 
f r i c t i o n  and w e a r  experiments. Varying amounts of black deposi ts  (pr imar i ly  
due t o  w e a r  debr i s )  formed on the outer  edges of t h e  d isk  specimens. 
changes i n  lubr icant  appearance, as evidenced by a darker,  t u rb id  colorat ion,  
w e r e  due t o  mechanical as w e l l  as chemical phenomenon. 

Minor 

3. Extrapolated da ta  from acce lera ted  s t a b i l i t y  experiments (818 hr a t  
365' F)  suggest t h a t  mixed-linked four-r ing polyphenyl e ther  has adequate t h e r -  
m a l  s t a b i l i t y  f o r  10 000 hours a t  300' F. Similar acce lera ted  s t a b i l i t y  exper- 
iments (260 hr at  650' F) f o r  f ive- r ing  polyphenyl e ther  a l s o  suggest adequate 
s t a b i l i t y .  Inf ra red  spectroscopy r e s u l t s  indicated no gross changes i n  molec- 
u l a r  s t ruc tu re  i n  t h e  2- t o  16-micron-wavelength range. There were no new 
funct iona l  groups formed and no new bonds detected.  
compatible with l i q u i d  mercury during t h e  s t a b i l i t y  s tud ies .  There w e r e  no 
observed c a t a l y t i c  e f f e c t s  of t h e  mercury on t h e  decomposition of t h e  o i l .  

The polyphenyl e the r s  were 

L e w i s  Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, December 1 2 ,  1964. 
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